Introduction
============

Adult degenerative scoliosis can be categorized into 3 major groups: type I, primary degenerative lumbar scoliosis (de novo scoliosis); type II, progressive idiopathic scoliosis; and type III, secondary degenerative scoliosis (because of neuromuscular origin, leg length discrepancy, hip pathology, or osteoporotic fracture)^[@B1])^. Degenerative scoliosis is diagnosed in adults with a Cobb angle \>10° in the frontal plane due to slippage and rotational deformity of vertebral bodies associated with disc degeneration and facet joint arthritis, and it leads to back pain, neurological deficits, and global spinal imbalance as the main consequences of adult spinal deformity. In radiological evaluation, rotational deformities in the frontal plane can be assessed as scoliosis, typified by a large Cobb angle, and rotational deformities in the sagittal plane are evaluated as kyphosis; however, it is difficult to quantitatively evaluate rotational deformities in the axial plane using a radiograph. These deformities can be evaluated using CT axial images or the EOS^®^ 2D/3D X-ray imaging system^[@B2]-[@B6])^.

The utility of three-dimensional (3D) image analysis for adolescent idiopathic scoliosis has been recently reported^[@B2],[@B5],[@B6])^. Lateral interbody fusion (LIF) such as extreme lateral interbody fusion (XLIF^®^) and oblique lateral interbody fusion (OLIF™) with additional posterior fixation using a percutaneous pedicle screw (PPS) system is an effective and minimally-invasive surgical procedure for treating lumbar spinal deformities caused by multiple intervertebral lesions, compared with interbody fusion via a posterior approach, such as posterior lumbar interbody fusion and transforaminal posterior lumbar interbody fusion^[@B7]-[@B9])^. LIF for adult degenerative scoliosis with lumbar spinal canal/foraminal stenosis is likely to result in satisfactory clinical outcome and fewer complications^[@B10]-[@B12])^. LIF is also useful for effective reduction and favorable alignment of lateral bending and kyphotic deformities using a large, lordotic cage through a low-invasive procedure and indirect decompression in the spinal canal and intervertebral foramen; however, it is unclear how the procedure affects rotational deformities in the axial plane. 3D analysis during surgery has become possible using O-arm^®^ and ARCADIS Orbic 3D^®^, which are particularly advantageous for evaluation of rotational deformity correction in the axial plane. The purpose of the current study was to quantify correction of rotational deformity in adult degenerative scoliosis treated by LIF and additional posterior fixation, using 3D images during surgery.

Subjects and Methods
====================

All assessments were performed after the study was approved by our institution\'s ethics committee, and informed consent was obtained from all subjects. The subjects were 12 females (age 65-76 years; mean age, 72 years) with primary adult degenerative scoliosis (type I) that was treated by LIF (XLIF^®^) and additional posterior fixation. The diagnosis of primary adult degenerative scoliosis was based on lateral bending and axial rotational deformities limited to the lumbar spine, without basic disease as a cause of secondary scoliosis. We performed LIF for lumbar vertebral disc lesions from L1 to L5 and TLIF for the L5-S1 vertebral discs, followed by posterior fixation for the lower thoracic spine, lumbar spine and sacrum as needed, using a pedicle screw system. For LIF, the cage size was selected and the cage position determined using the original XLIF^®^ method. Facet release and bone osteotomy were not performed for lumbar vertebral lesions treated by LIF. However, facet release and grade 1 bone osteotomy were used for the inferior articular process in lower thoracic and lumbar vertebral lesions not treated by LIF and for L5-S1 within the range of posterior fixation^[@B13])^. *In situ* contouring was performed by inserting a straight rod in the frontal plane with a bend along the target alignment in the sagittal plane into extension sleeves of a pedicle screw system without a special correction maneuver in posterior fixation. The intervertebral region treated with LIF was L1/2 in 5 cases, L2/3 in 10 cases, L3/4 in 11 cases, and L4/5 in 8 cases. The upper instrumented vertebra was the lower thoracic spine in 8 cases and the lumbar spine in 4 cases, and the lower instrumented vertebra was the lumbar spine in 2 cases and the sacrum in 10 cases, with or without an iliac screw. The average follow-up period was 555 (426-716) days after surgery. Data at final follow-up were obtained for each patient for the duration of 1-2 years after surgery.

Clinical outcomes
-----------------

Clinical outcomes were evaluated using the Japanese Orthopaedic Association (JOA) score, the Japanese Orthopedic Association Back Pain Evaluation Questionnaire (JOABPEQ: including pain-related disorders, lumbar spine dysfunction, gait disturbance, social life dysfunction, and psychological disorders)^[@B14])^, and visual analog scales (VAS) for low back pain (LBP-VAS), gluteal and lower limb pain (BLP-VAS), and gluteal and lower limb numbness (BLN-VAS). Assessments before surgery and at final follow-up were used for analysis.

Radiographical evaluation
-------------------------

Cobb angle, C7 plumb line-central sacral vertical line (C7PL-CSVL), sagittal vertical axis (SVA), T5-12 thoracic kyphosis (TK), L1-S1 lumbar lordosis (LL), pelvic tilt (PT), pelvic incidence (PI), and PI-LL were measured on radiographs taken in the standing position before surgery and at final follow-up^[@B15],[@B16])^. Information on cage size in LIF was gathered, and cage position measured using the area ratio in the front-to-back direction for each intervertebral lesion, using axial CT planes at the center of the height of the vertebral lesion.

Three-dimensional image analysis
--------------------------------

3D images of the intervertebral region treated by LIF were taken before surgery in the lateral position, after LIF in the lateral position, and after additional posterior fixation in the prone position using ARCADIS Orbic 3D ([Fig. 1](#g001){ref-type="fig"}). The rotational angle of the upper vertebra relative to the lower vertebra of each fixed segment was measured in 3 planes using OsiriX^®^, and lateral bending in the frontal plane, lordosis/kyphosis in the sagittal plane, and axial rotation in the axial plane were evaluated for each segment ([Fig. 2](#g002){ref-type="fig"}). Correction factors for rotational deformity were investigated after LIF and after additional posterior fixation.

![Three-dimensional images: (a) before surgery, (b) after LIF with a myelogram, and (c) after PPS fixation. Images were taken using ARCADIS Orbic 3D^®^.](2432-261X-2-0065-g001){#g001}

![Rotational angles of lateral bending in the coronal plane, lordosis in the sagittal plane, and axial rotation in the axial plane were measured at the middle of the height of the pedicle parallel to the endplate and spinous process, using OsiriX^®^ for each segment.](2432-261X-2-0065-g002){#g002}

Statistical analysis
--------------------

Two independent observers performed imaging classification twice, and validity was assessed using intraobserver and interobserver differences. Differences in clinical outcomes and radiographical parameters before surgery and at final follow-up were examined using the Wilcoxon signed rank test (α = 0.05). Differences in local angle changes of each segment in lateral bending, lordosis/kyphosis, and axial rotation before surgery, after LIF, and after posterior fixation were examined using the Friedman test (α = 0.05). Sample size and power were evaluated using power analysis. All calculations were performed using SPSS ver. 23.0 (IBM).

Results
=======

Clinical outcomes
-----------------

The average JOA score (out of a total of 29 points) significantly increased from 13.3 before surgery to 22.1 at final follow-up ([Table 1](#t001){ref-type="table"}; P = 0.002). Changes in the components of the JOABPEQ are shown in [Table 1](#t001){ref-type="table"}. A significant increase in pain-related disorders was observed (P = 0.025). The LBP-VAS score also decreased significantly (P = 0.041). No severe complications occurred during surgery or follow-up period. Minor complications such as temporary thigh pain and screw loosening occurred in 2 cases (sacrum screw, iliac screw), and treatable subcutaneous infection and deep vein thrombosis occurred in 1 case. In the period from one to 2 years after surgery, one patient required an additional surgical procedure for the removal of a loosened iliac screw.

###### 

Clinical Outcomes.

                               Before surgery   Final follow-up   P value
  ---------------------------- ---------------- ----------------- ---------
  JOA scores                   13.3±4.4         22.1±4.0          0.002\*
  JOABPEQ                                                         
  　Pain-related disorders     35.8±21.4        63.0±34.7         0.025\*
  　Lumbar spine dysfunction   49.3±32.4        43.0±30.1         0.474
  　Gait disturbance           25.8±19.7        34.6±26.5         0.118
  　Social life dysfunction    40.1±24.5        46.3±19.4         0.329
  　Psychological disorders    38.5±12.0        44.7±14.7         0.194
  VAS                                                             
  　LBP-VAS                    7.1±2.2          4.7±2.2           0.041\*
  　BLP-VAS                    5.7±3.7          4.2±1.6           0.346
  　BLN-VAS                    5.1±3.6          4.6±2.4           0.480

Clinical outcome was evaluated using the Japanese Orthopaedic Association (JOA) score, the Japanese Orthopedic Association Back Pain Evaluation Questionnaire (JOABPEQ), and visual analog scales (VAS) for low back pain (LBP-VAS), gluteal and lower limb pain (BLP-VAS), and gluteal and lower limb numbness (BLN-VAS)

Data are shown as mean±SD

\*Significant difference in Wilcoxon signed rank test.

Radiographical evaluation
-------------------------

Significant differences in radiographical parameters from before surgery to final follow-up were observed for the Cobb angle, C7PL-CSVL, SVA, TK, LL, PT, and PI-LL ([Table 2](#t002){ref-type="table"}, [Fig. 3](#g003){ref-type="fig"}). The height and length of the cage in LIF averaged 8.8 mm (L1/2: 8.6 mm, L2/3: 9.1 mm, L3/4: 8.6 mm, and L4/5: 8.6 mm) and 48.7 mm (L1/2: 45.0 mm, L2/3: 48.0 mm, L3/4: 49.1 mm, and L4/5: 51.3 mm), respectively. The widths and lordotic angles of all cages were 18 mm and 10°, respectively. The position of the cage averaged 64.6% (L1/2: 84.7%, L2/3: 55.6%, L3/4 55.0%, and L4/5: 86.0%) anterior from the midline in the front-to-back direction. The average intraobserver and interobserver differences were 1.2 mm and 0.9°, and 1.4 mm and 1.1°, respectively.

###### 

Radiographical Parameters.

  Parameter        Before surgery   Final follow-up   P value
  ---------------- ---------------- ----------------- ---------
  Cobb angle (°)   30.0±12.2        9.8±4.5           0.002\*
  C7PL-CSVL (mm)   36.3±35.3        13.6±8.8          0.019\*
  SVA (cm)         12.3±4.7         4.3±3.8           0.002\*
  TK (°)           15.7±10.4        25.0±17.4         0.029\*
  LL (°)           8.1±27.0         39.8±15.8         0.003\*
  PT (°)           36.0±21.0        17.6±12.0         0.010\*
  PI (°)           55.2±20.9        51.1±11.1         0.445
  PI-LL (°)        47.0±30.0        11.3±14.8         0.004\*

Cobb angle, C7 plumb line-central sacral vertical line (C7PL-CSVL), sagittal vertical axis (SVA), T5-12 thoracic kyphosis (TK), L1-S1 lumbar lordosis (LL), pelvic tilt (PT), pelvic incidence (PI) and PI-LL were measured on a radiograph taken in the standing position

Data are shown as mean±SD

\*Significant difference in Wilcoxon signed rank test.

![A 76-year-old female treated by LIF at L2-3, L3-4, and L4-5, followed by L2-S1 posterior fusion with an iliac screw. (a, b) Before surgery; Cobb angle: 26°, C7PL-CSVL: 135 mm, SVA: 15.5 cm, TK: 21°, LL: 18°, PT 29°, PI: 51°, PI-LL: 33°. (c, d) At final follow-up; Cobb angle: 2°, C7PL-CSVL: 0 mm, SVA: 8.7 cm, TK: 33°, LL: 44°, PT 23°, PI: 59°, PI-LL: 15°.](2432-261X-2-0065-g003){#g003}

Three-dimensional image analysis
--------------------------------

The total number of intervertebral regions treated by LIF was 34. The average rotational angles from before surgery to after LIF and after additional posterior fixation changed from 7.0° to 3.2° to 2.3° for lateral bending ([Table 3](#t003){ref-type="table"}; P \< 0.001), from 4.6° to 9.3° to 11.5° for lordosis (P \< 0.001), and from 6.0° to 2.3° to 1.5° for axial rotation (P \< 0.001). The correction angles per segment were 4.7° in lateral bending and 4.5° in axial rotation, and the LIF:posterior fixation correction ratio was 4:1. The correction angle per segment was 6.9° for lordosis and the LIF:posterior fixation correction ratio was 2:1.

###### 

Three-dimensional Rotational Angles Per Segment.

  Parameter              Before surgery   After LIF   After posterior fixation   P value
  ---------------------- ---------------- ----------- -------------------------- -----------
  Lateral bending (°)    7.0±6.9          3.2±3.2     2.3±2.4                    \<0.001\*
  　Correction (°) (%)                    3.8 (81%)   0.9 (19%)                  
  　　L1/2 (°)           10.1±6.7         4.7±4.9     2.6±2.2                    
  　　L2/3 (°)           8.8±9.2          3.2±3.2     2.5±2.8                    
  　　L3/4 (°)           5.5±5.2          3.5±3.2     2.3±2.7                    
  　　L4/5 (°)           4.9±5.9          2.0±2.0     1.9±2.0                    
  Lordosis (°)           4.6±7.9          9.3±6.2     11.5±6.0                   \<0.001\*
  　Correction (°) (%)                    4.7 (68%)   2.2 (32%)                  
  　　L1/2 (°)           -0.9±10.2        5.4±7.5     8.6±5.7                    
  　　L2/3 (°)           5.5±5.2          7.9±4.9     8.8±4.7                    
  　　L3/4 (°)           4.6±8.5          10.7±6.3    12.1±5.1                   
  　　L4/5 (°)           7.0±8.3          11.4±6.2    15.9±6.7                   
  Axial rotation (°)     6.0±4.8          2.3±2.9     1.5±1.6                    \<0.001\*
  　Correction (°) (%)                    3.7 (82%)   0.8 (18%)                  
  　　L1/2 (°)           8.6±7.4          3.4±5.3     1.7±1.9                    
  　　L2/3 (°)           5.4±3.8          1.8±2.0     1.3±1.5                    
  　　L3/4 (°)           6.1±5.0          1.8±2.0     1.6±1.6                    
  　　L4/5 (°)           5.2±4.1          2.9±3.2     1.3±1.7                    

Data are shown as mean±SD

\*Significant difference among before surgery, after LIF and after additional posterior fixation (Friedman test).

Discussion
==========

Decompression surgery, correction surgery, or combined surgery can be used for the treatment of adult degenerative scoliosis with lumbar spinal canal/foraminal stenosis that is unresponsive to conservative therapy. Selection of the surgical method is contingent upon the medical facility and surgeon, and correction surgery is recommended for patients with global spinal imbalance, progressive deformity, and foraminal stenosis with spinal instability^[@B1],[@B12],[@B17])^.

In the present study, we observed significant changes in global spinal alignment in adult degenerative scoliosis treated with LIF and additional posterior fixation. Clinical outcomes after short-term follow-up revealed increased JOA scores and pain-related disorders in JOABPEQ, and a decrease in LBP-VAS, with resultant improvement in activities of daily living (ADL). Therefore, corrective surgery for adult degenerative scoliosis with an average Cobb angle of 30° was achieved by correction of global spinal alignment and improvement of ADL associated with pain relief. However, long-term follow-up is required because improvement of subjective symptoms by correction surgery may be associated with other factors, such as preoperative severity, diagnosis, and muscle strength.

Ideal LL with correction of lateral bending deformity was achieved using a large lordotic cage via the lateral approach in LIF, with 4.7° correction of lateral bending and 6.9° of lordosis obtained per segment. The position of the cage at L1/2 and L4/5 was more anterior from the midline in the front-to-back direction, compared with that at L2/3 and L3/4. The cage placement could have been affected by anatomical features such as the ribs and iliac and lumbar plexuses. Also, there were characteristic differences in correction at different vertebral levels, with larger correction of lateral bending deformity at upper vertebral levels, and a larger lordotic angle at lower vertebral levels. These data are useful for preoperative planning of correction surgery including global spinal balance. Our results, showing an average correction of 4.5° in axial rotation, suggest that this procedure can also correct axial rotational deformity in adult degenerative scoliosis. The axial rotational angle is smaller near the apical region and larger near the junctional region in adolescent idiopathic scoliosis. Effective correction of axial rotation was obtained at all vertebral levels, regardless of differences in cage positions. Using LIF, correction in the axial plane could be obtained by the effect of ligamentotaxis by increasing the disc height with lateral release of the annulus fibrous of the disc and stretching of the ligaments^[@B18])^. Further studies are required for assessment of factors that affect correction in the axial plane.

The results for local segmental correction indicated that LIF has advantages in correction of rotational deformities in all 3 planes. Our evaluation of rotational deformity correction using 3D images for quantitative evaluation in stages after LIF and after additional posterior fixation showed that LIF produced 80% of lateral bending and axial rotational correction and about 67% of lordotic changes out of the total effects of LIF and posterior fixation. That is, most correction was because of LIF, with an additional effect on lordosis by posterior fixation. In this series, we used *in situ* contouring without special correction techniques for posterior fixation. Steib et al. reported that a reliable detorsion in the axial plane was obtained by *in situ* contouring in surgical correction of scoliosis^[@B19])^. It was suspected that a straight rod in the frontal plane with bending along the target alignment in the sagittal plane worked for correction in the axial plane, despite motion of the polyaxial screw head. This suggests that posterior fixation using a pedicle screw system provides mechanical stabilization and an additional correction effect.

This study has some limitations, including the cost and radiation exposure associated with the use of ARCARDIS Orbic 3D^®^ and the limited number of subjects. Sample size and power were appropriate in the power analysis, but the subjects had some inherent variability. Differences between the lateral and prone positions might have also affected the results. Therefore, large-scale prospective and long-term studies are necessary to verify these results. Considering these limitations, we conclude that the effect of rotational deformity correction in adult degenerative scoliosis treated with LIF and additional posterior fixation can be quantified using 3D image analysis during surgery. Lateral bending and axial rotational deformities were primarily corrected by LIF, whereas lordosis was improved by additional posterior fixation. Thus, corrective surgery for adult degenerative scoliosis using this approach is effective for rotational deformity correction in 3 planes and obtaining an ideal global spinal alignment.
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